We examined the association of variation in the type 2 diabetes risk-conferring TCF7L2 gene with the risk of incident coronary heart disease (CHD) among the lean, overweight, and obese members of the Atherosclerosis Risk in Communities (ARIC) Study cohort. Cox proportional hazard regression analyses were performed using a general model, with the major homozygote as the reference category. For 9,865 whites, a significant increase in the risk of CHD was seen only among lean (BMI < 25 kg/m 2 ) individuals homozygous for the T allele of the TCF7L2 rs7903146 gene risk variant (hazard ratio 1.42; 95% CI 1.03,1.97; P = .01). No association was found among 3,631 blacks, regardless of BMI status. An attenuated hazard ratio was observed among the nondiabetic ARIC cohort members. This study suggests that body mass modifies the association of the TCF7L2 rs7903146 T allele with CHD risk.
Introduction
Several studies have observed an association between the transcription factor 7-like 2 (TCF7L2) gene and the risk of diabetes [1] . In previous work, using data from the Atherosclerosis Risk in Communities (ARIC) cohort, we reported that the association between the TCF7L2 rs7903146 risk allele (T) and incidence of type 2 diabetes depended on obesity status [2] . Those results were in agreement with data from other studies which suggested a modulating effect of obesity status on the type 2 diabetes susceptibility in TCF7L2 rs7903146 risk allele carriers [3] [4] [5] . The modulating effect of obesity status on the association of genetic variants with the risk of type 2 diabetes may in part be related to functional characteristics. Gene variants which affect beta cell function and consequently insulin secretion have a more pronounced effect on the risk of type 2 diabetes among lean and normal weight individuals, whereas gene variants affecting insulin activity at the peripheral cell level increase type 2 diabetes susceptibility among the obese [4] .
Individuals with diabetes are at increased risk of cardiovascular morbidity and mortality [6] but the relationship between gene variants conferring type 2 diabetes susceptibility and cardiovascular outcomes has not been sufficiently 2 Journal of Obesity investigated. In this study, we examined whether obesity affects the association of the TCF7L2 rs7903146 gene variant with the risk of incident coronary heart disease (CHD).
Methods and Procedures
The ARIC Study is a prospective cohort of 15,792 men and women, aged 45-64 years at baseline (1987) (1988) (1989) , selected as a probability sample from four US communities located in North Carolina, Mississippi, Minnesota, and Maryland [7] and followed through ongoing event surveillance, annual follow-up interviews, and three triennial return examinations.
In the present study, we excluded cohort participants who reported race other than white or black (n = 48), blacks from the Minnesota and Maryland centers (n = 55), those missing TCF7L2 rs7903146 genotype information (n = 1050), those with prevalent CHD at baseline (n = 766), those missing baseline information on CHD (n = 344), and those with body mass index (BMI) < 18.5 (n = 144). The final number of cohort participants after exclusions was 13,496 (9,865 whites and 3,631 blacks), with average follow-up time of 14.9 (±3.6) years.
Incident CHD, defined as any definite or probable hospitalized myocardial infarction (MI), definite fatal MI, definite or possible fatal CHD, electrocardiographic (ECG) MI (hospitalized occurrence), or coronary revascularization, was ascertained through annual follow-up interviews conducted from baseline examination through December 31, 2004 and reviewed by members of the ARIC Morbidity and Mortality Classification Committee, using published criteria [7] . Identified myocardial infarction cases were validated based on symptoms at presentation, peak cardiac enzyme levels, and Minnesota Code values from three ECG measurements. CHD deaths were ascertained based on death certificates, informant interviews, physician questionnaires, coroner reports, or hospital discharge summaries.
Physical examination of the cohort members and their risk factor assessment were conducted during the baseline visit [8] . Baseline diabetes was defined as either a self-reported physician's diagnosis of diabetes, use of hypoglycemic medications, nonfasting serum glucose levels greater than 200 mg/dL, or fasting (≥8 hr) serum glucose level equal to or greater than126 mg/dL. BMI was determined based on height and weight measured at baseline. BMI cutpoints were chosen a priori according to WHO guidelines [9] for normal weight (18.5-24.99), overweight (25-29.99), and obese (≥30). Cohort participants with BMI<18.5 were excluded from analyses due to potential cachexia.
The rs7903146 genotype was determined at the ARIC Study Central DNA Laboratory Health Science Center at Houston, University of Texas School of Public Health, using TaqMan assays (Applied Biosystems, Foster City, CA, USA). Five percent of samples were regenotyped for quality control, and 726 ARIC participants were genotyped in duplicate. The percent agreement was 98%, and the simple κ coefficient was 0.97. Departure from Hardy-Weinberg equilibrium was determined using the χ 2 goodness-of-fit test. We modeled the association between the SNP and incident CHD using a general model comparing individuals heterozygous (CT) and homozygous (TT) for the minor T allele to individuals homozygous (CC) for the major C allele. This model imposes no assumptions of linearity on the relationship between the T allele and CHD across genotypes. Associations were determined for each race group separately using Cox proportional hazard regression (adjusted for gender and ARIC study center), with age at time of event as the time variable. We examined the effect of BMI status on the association of the TCF7L2 rs7903146 T allele with the risk of CHD using likelihood ratio tests based on nested models with and without the BMI * risk allele interaction term. In separate analyses, BMI was coded either as a continuous variable, or as a dichotomous variable (cutpoint at 25 kg/m 2 ). We used similar models of likelihood ratio tests to further examine potential effect modification due to high-density lipoprotein (HDL)-cholesterol, diabetes, cigarette smoking, and hypertension.
Results
The minor allele (T) frequencies were 8.7% for the total sample population, 8.9% among whites, and 8.3% among blacks. The genotype distributions at rs7903146 conformed to Hardy-Weinberg equilibrium in the entire sample and within race strata. Baseline characteristics of the sample, stratified by race, are presented in Table 1 . Mean BMI values differed by genotype in the total sample (P = .03), but not within race strata (whites P = .11; blacks P = .28).
Although we observed no significant association of the rs7903146 TCF7L2 gene variant with CHD overall (Table 2 , P = .22), we observed that BMI, coded as a continuous variable, modified the association of the rs7903146 TCF7L2 gene variant with the relative hazard of CHD among whites (P interaction < .01), but not among blacks (P interaction = .45). A similar pattern of effect modification was observed with BMI coded as a dichotomous variable using the clinically defined overweight cutpoint (25 kg/m 2 ).
A statistically significant association of the TCF7L2 rs7903146 gene variant with the relative hazard of CHD was observed only among persons with BMI < 25 kg/m 2 (0020HR 1.40 (95% CI 1.04, 1.88)) ( Table 2 ). This association was significant among whites (HR 1.42 (95% CI 1.03, 1.97)), but not among blacks (HR 1.26 (95% CI 0.58, 2.71)). A similar pattern was observed for the association of the rs7903146 risk allele with CHD across gender-specific tertiles of waist circumference and subscapular skinfold thickness.
We did not observe a statistically significant effect of diabetes on the association of the TCF7L2 rs7903146 gene variant with the risk of CHD (P interaction = .40). Limiting analysis to lean and normal weight (BMI < 25 kg/m 2 ) cohort members who were free of diabetes resulted in a relative hazard of CHD among the carriers of the risk genotype of 1.33 (95% CI 0.94, 1.88) for the total sample and 1.36 (95% CI 0.94, 1.96) among whites. When assuming the recessive mode of inheritance (CC and CT alleles as the referent), we found that the hazard ratio of CHD among lean and normal Table 2 : Association of the TT and CT genotypes of the TCF7L2 rs7903146 gene variant with the incidence of coronary heart disease in categories of BMI. Cox proportional hazard analyses were performed with age at time of event as the time variable and adjustment for gender and ARIC study center. For the total sample and in race strata, the referent category was individuals with BMI < 25 kg/m 2 carrying the CC genotype of the TCF7L2 rs7903146 gene variant.
Total sample (n = 13, 496) Whites (n = 9, 865) Blacks (n = 3, 631) CC CT TT CC CT TT CC CT TT (n = 6, 736) (n = 5, 583) (n = 1, 177) (n = 4, 927) (n = 4, 063) (n = 875) (n = 1, 809) (n = 1, 520) (n = 302) weight whites with diabetes was 2.13 (95% CI 1.00, 4.55) as compared to the hazard ratio of CHD among lean and normal weight whites without diabetes (HR 1.35 (95% CI 0.96, 1.91)).
Effect measure modification of the association of the TCF7L2 rs7903146 gene variant with the risk of CHD is stronger for nonfatal MI as compared to total CHD, which in this study included, in addition to myocardial infarction, fatal CHD, silent MI, and coronary procedures. The hazard ratio for the association of this polymorphism with the risk of myocardial infarction among the lean and normal weight ARIC cohort participants was 1.72 (95% CI 1.14, 2.60).
Discussion
Our results suggest that among individuals homozygous for the T allele of the TCF7L2 rs7903146 gene variant, the relative hazard of coronary heart disease may be modestly increased among the lean and normal weight individuals, but not among the overweight or the obese. We observed this association in the total sample and among whites; however, we did not observe any pattern of association among the blacks of this study, possibly due to insufficient statistical power; we calculated that we had only 10% power to detect a hazard ratio of 1.6 among blacks.
This study expands on that of Bielinski et al. [10] , in which the authors examined the association of variants of the TCF7L2 gene with the risk of coronary heart disease and found a significant level of association only among whites with diabetes and only with additional adjustment for BMI. The present finding of a modest association of a variant in the TCF7L2 gene with increased relative hazard of coronary heart disease is consistent with the greater risk of cardiovascular disease in those with, or at risk of diabetes. One can speculate based on this, that a genetic predisposition towards development of diabetes may carry an increased risk of coronary heart disease. It is difficult in population studies to answer the question to what degree TCF7L2 influences cardiovascular risk independently or through diabetes. We attempted to address this question by stratifying our analyses by diabetes status and by increasing the power of analysis with the assumption of recessive mode of inheritance for this gene. However, such adjustment strategies are crude and our sample size was too small to disentangle the possible role of diabetes in the association of TCF7L2 with CHD in this population.
We examined the association of the TCF7L2 gene variant with the risk of CHD across strata of tertiles of waist circumference and subscapular skinfold thickness, which are often used as more direct measures of visceral or subcutaneous adipose tissue. Although the associations were weaker than in strata of BMI, the patterns of association were similar, suggesting that the association is related to overall adiposity rather than more specifically to subcutaneous or visceral fat. If replicated in other studies, this observation would be consistent with results obtained from studies of the association of genetic variation in the TCF7L2 gene and diabetes [4] . The TCF7L2 gene is part of the Wnt signaling pathway [11] a critical pathway in cell development which regulates, among others, the activity of glucagonlike peptide-1 (GLP-1) [12] . Presence of genetic variants in the TCF7L2 gene is associated with decreased insulin levels [13] , an effect that may be a consequence of a decrease in stimulation of insulin release by GLP-1. This is a direct effect on beta cell function that is independent of obesityinduced insulin resistance and subsequent impaired insulin secretion and gluconeogenesis. Impaired insulin secretion and abnormal plasma glucose levels, observed in diabetes, represent dysregulation of multiple metabolic pathways. It is thus possible that the mechanism of diabetes is different in lean as compared to obese individuals, in whom inputs from other metabolic dysfunctions contribute additional impairment. The rs7903146 SNP is not in the coding region of the TCF7L2 gene therefore the modality by which it imparts increased susceptibility to type 2 diabetes is difficult to attribute. It is equally difficult to identify the specific function of obesity status in the association of the TCF7L2 gene with incidence of diabetes. The TCF7L2 factor can affect expression of the Wnt signaling pathway thus leading to increased adipogenesis [14] and in that way may contribute to a milieu conducive to the development of diabetes.
The above mentioned mechanisms, suggestive of a pleiotropic effect of the TCF7L2 gene, may differentially contribute to increased risk of coronary heart disease. Replication of our results in other, preferably larger, cohorts would broaden the understanding of the increased risk of cardiovascular disease in individuals with diabetes and those at increased risk of diabetes.
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